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EFFECT O F  STORE PITCH FLEXIBILITY ON 

FLUTTER CHARACmISTICS OF A WING-STOm CONFIGURATION 

AT MACH NUMBFRS NEAR 0.85 

By Lou S. Young and Charles L. Ruhlin 
Langley Research Center 

SUMMARY 

An exploratory investigation of t he  e f fec t  of the  store-attachment p i tch  
f l e x i b i l i t y  on the  f l u t t e r  character is t ics  of a wing carrying a pylon-mounted 
s tore  has been conducted i n  the  Langley transonic blowdown tunnel. The s tore  
w a s  mounted at t he  75.5-percent-semispan posit ion on a cantilevered, untapered 
wing with an aspect r a t i o  of 4 ( f u l l  span) and 45O of sweepback. 
pylon m a s s  was roughly t h e  s a m e  as the wing panel m a s s .  Two s tore  center-of- 
gravi ty  locations (about 8 and 30 percent of t h e  loca l  wing chord - cal led for-  
ward and rearward c.g. s tores ,  respectively) w e r e  investigated with the store- 
attachment f l e x i b i l i t y  varied systematically t o  give uncoupled store-pitch f re -  
quencies from about 0 . 1 t o  1 .4  times the  tors iona l  frequency of the wing without 
t he  s tore .  The investigation w a s  conducted at  Mach numbers pr incipal ly  near 
0.85, although some limited t e s t s  were made a t  Mach numbers from about 0.8 t o  
1 . 3  t o  determine the  e f f ec t  of Mach number on the  r e su l t s .  

The store- 

For uncoupled store-pitch frequencies higher than about 0.4 of the  tor -  
s ional  frequency of the  wing without the store,  var ia t ions i n  store-attachment 
f l e x i b i l i t y  had l i t t l e  e f fec t  on the  f l u t t e r  dynamic pressure, and the  addition 
of the  s tore  t o  the wing reduced the  f l u t t e r  dynamic pressure by about 40 and 
25 percent fo r  t he  forward and rearward c.g. s tores ,  respectively. I n  the  low 
uncoupled store-pitch frequency range as the  uncoupled store-pitch frequency 
approached t h e  f l u t t e r  frequency, the f l u t t e r  dynamic pressure f o r  the wing 
with the  forward c.g.  s tore  peaked sharply with a maximum value considerably 
higher than t h a t  f o r  t he  wing without a s tore .  However, the  e f fec t  of s tore  
f l e x i b i l i t y  w a s  qui te  sensi t ive t o  s tore  c.g. location because t h e  f l u t t e r  
dynamic pressure f o r  t he  wing with the  rearward c.g. s tore  dipped t o  a minimum 
value i n  t h i s  same store-pitch frequency range. 

The aerodynamic effect of t he  s tore  on the  f l u t t e r  character is t ics  i s  
shown t o  be s m a l l .  Limited t e s t s  t o  determine Mach number e f f ec t s  on f l u t t e r  
indicate  t h a t  i n  the  high subsonic range the  f l u t t e r  dynamic pressure decreases 
w i t h  increasing Mach number. A favorable compressibility e f fec t  w a s  indicated 
f o r  one of t h e  wing-store configurations as the  Mach number w a s  increased 
t o  1 . 3 .  
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INTRODUCTION 

The addition of an external  s tore  t o  a wing can have a considerable e f f ec t  
on the f l u t t e r  speed of the  wing. The magnitude of t h i s  e f f ec t ,  as well  as 
whether it is favorable o r  unfavorable, depends upon a large number of wing, 
s tore ,  and store-attachment parameters. One of these parameters, the store- 
attachment f l e x i b i l i t y ,  w a s  studied i n  the f l u t t e r  calculations reported i n  
references 1 and 2, which showed tha t  large increases (as well  as decreases) i n  
f l u t t e r  speed a re  obtained by varying the f l e x i b i l i t y  of the attachment of a 
mass o r  external s to re  t o  the  wing. Thus, by select ive adjustment of the store- 
attachment f l e x i b i l i t y ,  the f l u t t e r  speed f o r  some wing-store configurations 
might be raised appreciably with l i t t l e  o r  no additional s t ruc tura l  weight 
required. 
could be realized experimentally, the f l u t t e r  charac te r i s t ics  of a cantilevered 
sweptback wing carrying a heavy, pylon-mounted external s tore  were obtained with 
the  store-attachment p i tch  f l e x i b i l i t y  varied systematically over a wide range. 

I n  order t o  determine whether such improvements i n  f l u t t e r  speed 

The wing used i n  t h i s  investigation had an untapered planform with 45O of 
sweepback and an aspect r a t i o  of 4. 
f o r  f l u t t e r  both with and without s tores  ( r e f s .  3 and 4 ) .  
the  s tores  were spring-mounted t o  a short pylon a t  the  75.5-percent-semispan 
location on the wing, and the mass of each store-pylon w a s  roughly the same a s  
the wing panel mass. Two well-separated chordwise locations of the s tore  center 
of gravi ty  were obtained by t e s t ing  s tores  of two lengths. The investigation 
w a s  conducted i n  the  Langley transonic blowdown tunnel at  Mach numbers princi-  
pa l ly  near 0.85, although some limited f l u t t e r  t e s t s  were also made a t  Mach num- 
bers  between 0.76 and 1.30 t o  indicate  the  e f f ec t  of Mach number on the resu l t s .  
A br ie f  study w a s  a l so  made of the aerodynamic e f f ec t  of the s tore  on the f l u t t e r  
character is t ics .  The present r e su l t s  are compared with data fo r  the  wing with- 
out s tores  ( r e f .  4). 

This wing had been investigated previously 
I n  the present study, 

SYMBOLS 

C streamwise wing chord, f t  

d v e r t i c a l  distance from wing chord plane t o  pitch-spring center 
l i ne ,  f t  

fe f l u t t e r  frequency, cps 

f i frequency of i t h  natural  vibrat ion mode of wing with store 
(i = 1, 2, . . ., 7), cps 

fw, i frequency of i t h  natural  vibration mode of wing without s tore  
(i = 1, 2, 3 ,  and 4), cps 

f S uncoupled store-pitch frequency, cps 
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mass moment of i n e r t i a  of wing per u n i t  span i n  p i tch  about a span- 
wise ax is  through loca l  quarter-chord, s lug-f t2/f t  

mass moment of i n e r t i a  of s tore  (or  s tore  with pylon) i n  p i tch  about 
a spanwise axis  through wing quarter-chord a t  the  75.5-percent- 
semispan s ta t ion,  slug-ft2 

mass moment of i n e r t i a  of wing per un i t  span i n  r o l l  about a l o c a l  
streamwise axis i n  wing chord plane, s lug-f t2/f t  

mass moment of i n e r t i a  of s tore  (or  s tore  with pylon) i n  r o l l  about a 
streamwise ax is  i n  wing chord plane a t  75.5-percent-semispan sta- 
t ion ,  slug-ft2 

mass moment of i n e r t i a  of s tore  (or  s tore  with pylon) i n  yaw about a 
v e r t i c a l  ax is  through the  intersect ion of wing quarter-chord and 
75.5-percent - semi span s t  at  i on, slug- f t 2  

Mach number 

m a s s  of s tore  o r  m a s s  of s tore  with pylon (see tab le  II), slugs 

mass of exposed wing panel (without s tore) ,  slugs 

dynamic pressure of wing with store,  

f l u t t e r  dynamic pressure a t  M = 0.83 

pV2/2, lb/sq f t  

f o r  wing without s tore  (see 
"Presentation of Results"), lb/sq f t  

s t a t i c  mass moment of wing per un i t  span i n  p i t ch  about a spanwise 
ax i s  through loca l  quarter-chord, posi t ive when center of gravity 
i s  a f t  of quarter-chord, s lug- f t / f t  

s t a t i c  mass moment of store (or  s tore  with pylon) i n  p i tch  about a 
spanwise axis through the  wing quarter-chord a t  7.5.5-percent- 
semispan s ta t ion,  posi t ive when center of gravi ty  i s  af t  of 
quarter - cho rd , slug -f t 

span of exposed wing panel, f t  

s t a t i c  temperature, OR 

free-stream velocity,  f t / s e c  

streamwise distance from wing leading edge t o  s tore  (or  s tore  with 
pylon) center of gravity,  posi t ive rearward, f t  

streamwise distance from wing leading edge t o  loca l  wing center of 
gravity,  posi t ive rearward, f t  
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Z v e r t i c a l  distance from wing p a n e  t o  s tore  (or s tore  with 
center of gravity, posi t ive down, f t  

P m a s s  r a t i o  parameter based on mass of wing without store,  

P a i r  density, slugs/cu f t  

e i  pylon angular deflection i n  p i tch  due t o  a un i t  load at wing 
s ta t ion  i, radians/lb 

MODELS 

General Description 

Sketches of t he  cantilevered models used i n  the present investigation a re  
shown i n  f igure 1, and various model properties are  presented i n  f igures  2 
t o  6 and i n  tab les  I t o  V. 
models were used i n  the store-attachment p i t ch - f l ex ib i l i t y  t e s t s  and the 
remaining two models were tes ted  t o  obtain an indication of the  aerodynamic 
e f f ec t s  of the  s tore  on f l u t t e r .  The p i tch- f lex ib i l i ty  models consisted of 
eight models with each s tore  center of gravi ty  at  about 30 percent of the loca l  
streamwise wing chord (cal led rearward c.g. s tores ) ,  and eight models with each 
s tore  center of gravi ty  at about 8 percent of t he  wing chord (cal led forward 
c.g. s tores ) .  
f l e x i b i l i t y  of the  s tore  attachment t o  the pylon. Of the  two aerodynamic-effect 
models, one consisted of a wing with a l i g h t  essent ia l ly  r ig id ly  mounted s tore  
(model IA) and t h e  second consisted of t h e  same wing with no s tore  but bal las ted 
so  as t o  have nearly the  same vibration charac te r i s t ics  (model IB). 
w a s  mounted by a pylon t o  the wing at the 75.3-percent-semispan s ta t ion  (meas- 
ured from the wing root ) .  

O f  the  eighteen models employed ( tab le  11) , sixteen 

Each of these models represented a d i f fe ren t  l eve l  of p i tch  

Each s tore  

The models a re  designated (see t ab le  11) by a system which iden t i f i e s  t he  
wing, t h e  s tore  type, and the store-attachment p i tch  f l e x i b i l i t y  employed i n  a 
par t icu lar  model. The f i r s t  number designates which of 12 wing panels w a s  used 
i n  the model. Following the  wing designation i s  the  l e t t e r  R, F, A, or  B which 
indicates,  respectively, a rearward c.g. s tore ,  a forward c.g. store,  the l i g h t  
r i g id ly  mounted s tore ,  or the  bal las ted wing. 
approximate value of the uncoupled store-pitch frequency i n  cps. 
model 2 ~ 6 3  consists of wing 2 and a rearward c.g. s tore  with a store-attachment 
f l e x i b i l i t y  which resul ted i n  an uncoupled p i tch  frequency of about 63 cps. 
Since the store-pitch frequency f o r  the  aerodynamic-effect model with the  l i gh t  
s tore  w a s  not ident i f ied  within the frequency range investigated, the f i n a l  num- 
ber  i s  omitted from i t s  designation. 

The f i n a l  number gives the  
For example, 
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Wings 

Some geometric properties of the  wing are  l i s t e d  i n  t ab le  I. The wing w a s  

Each wing panel and clamping block w a s  machined i n  
geometrically and s t ruc tura l ly  similar t o  those used i n  references 3 and 4 and 
i s  sketched i n  f igure l ( a ) .  
one piece from 2024-T aluminum al loy.  Holes d r i l l e d  through the exposed panel 
( f i g .  l ( a ) )  were f i l l e d  with a rubber compound f lush  with the  surfaces of the  
wfng. The hole s izes  and layout were selected according t o  the  data of refer-  
ence 5 t o  give s t i f fnes s  d is t r ibu t ions  which would allow the wings without 
s tores  t o  f l u t t e r  within the dynamic-pressure range of the wind tunnel. 

I n  f igure 2 a re  presented the  panel mass properties of wing 7, which a re  
considered typ ica l  f o r  a l l  wing panels. After f l u t t e r  tes t ing ,  wing 5 w a s  cut 
i n t o  segments f o r  measurement of t he  segment properties shown i n  f igure 2. I n  
order t o  measure the  na tura l  vibrat ion frequencies, the cantilevered wings with- 
out s tores  were excited by an electromagnetic shaker; t he  resul t ing frequencies 
and associated node l i n e s  are given i n  f igure 3 .  The t h i r d  mode i s  considered 
t o  be a predominantly tors ion mode of the wings without s tores .  

Presented i n  tab le  V i s  a matrix of t he  f l e x i b i l i t y  influence coeff ic ients  
measured on wing 10 by means of the  d i f f e ren t i a l  transformer system described 
i n  reference 6. The influence coeff ic ients  f o r  t h e  wing were measured at  the  
center of gravi ty  of each of the 18 wing segments shown i n  f igure 2. Because 
t h e  pylon may have added some loca l  s t i f fen ing  t o  the wing, the  f l e x i b i l i t y  
influence coeff ic ients  were measured with a pylon attached t o  the  wing. I n  
addition t o  the  measurement of the v e r t i c a l  deflection at each wing s ta t ion ,  an 
opt ica l  system w a s  used t o  measure the angular def lect ion i n  p i tch  of the pylon 
f ront  face due t o  a load a t  each of the  wing s ta t ions  ( l a s t  column of tab le  V ) ;  
however, deflections a t  t he  wing s ta t ions  due t o  a pitching moment applied t o  
t h e  pylon were not measured. Frequencies which were calculated f o r  the f i r s t  
three modes of wing 10 by using tab le  V and the  segment masses i n  f igure 2 
agreed with the  measured frequencies ( f i g .  3)  t o  within 4 percent. 

Stores 

Some geometric properties of the s tores  a re  l i s t e d  i n  t ab le  I. A rearward 
c.g. s tore  i s  sketched i n  f igure l ( b ) ,  and a forward c.g. s tore ,  which was about 
19 percent shorter,  i s  sketched i n  f igure l ( c ) .  
cyl indrical  body of aluminum-alloy tubing with a 60' conical f a i r ing  a t  each 
end. The rearward c.g. s tores  had f a i r ing  cones made of balsa  and had lead 
weights as b a l l a s t .  The forward c.g. s tores  w e r e  made shorter and the front  
conical f a i r ings  were made of lead i n  order t o  obtain the desired center-of- 
gravi ty  loca t  ion. 

Each s tore  consisted of a 

The s tore  w a s  attached t o  the wing at the  75.5-percent-semispan location by 
a pylon which was simply an aluminum block of rectangular cross section. The 
p i tch  f l e x i b i l i t y  was provided by a th in ,  s t e e l  leaf spring which connected the 
s tore  t o  the  pylon ( f i g .  l ( d ) ) .  Thin s t e e l  p l a t e s  were used t o  clamp the  p i tch  
spring t o  the  pylon lower face and t o  a semicylindrical block t h a t  fastened t o  
t h e  inside of the  tubular s tore  body. Between these clamped pieces, about 
1/8 inch of spring w a s  l e f t  f r e e  t o  bend and so provide l imited s tore  motion i n  
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t he  p i tch  degree of freedom. 
varying the spring thickness from about 0.012 t o  0.188 inch. 
t he  p i tch  spring and attached par t s  were enclosed within the  s tore  body and l ay  
along the  center l i n e  of the s tore  with only a pa r t  of the  pylon exposed t o  the 
airstream ( f i g .  1). 
which w a s  located at  about 42.5 percent of the  wing chord behind the wing 
leading edge. 

The desired p i tch  f l e x i b i l i t y  w a s  obtained by 
When assembled, 

The p i tch  axis was assumed t o  be a t  the  pylon front  face, 

The physical propert ies  of the  s tores  a re  included i n  t ab le  11. The mass 
properties f o r  the store alone were obtained with one-half of the p i tch  spring 
attached t o  the s tore .  The v e r t i c a l  location of t he  center of gravity of the 
s tore  without pylon w a s  assumed t o  coincide with the  pitch-spring center l i n e  
i n  calculating Io,s. The uncoupled p i tch  frequency of each store ( table  I I ( b ) )  
w a s  measured by clamping the wing near the pylon and excit ing the s tore  by 
means of an electromagnetic shaker. The shaker stem drove against the  wing sur- 
face rather  than against the  s tore .  

Aerodynamic-Effect Models 

The s tore  used with model LA w a s  geometrically ident ica l  t o  a rearward 
c.g.  s tore .  The s tore  body w a s  constructed of hollow balsa  and the pylon con- 
s i s t ed  of  a sol id  balsa block glued t o  the wing. When the  t e s t s  of wing 1 with 
the various s tores  had been completed, t h e  s tore  and pylon were removed and bal-  
l a s t  weights were added t o  the wing u n t i l  the natural  vibration modes and f re -  
quencies of the  bal las ted wing (model LB) approximated those of model IA. The 
b a l l a s t  w a s  provided by replacing the  rubber compound with solder i n  the wing 
holes indicated by x-marks i n  f igure l ( a ) .  The t o t a l  mass of the ba l l a s t  
weights required ( tab le  I I ( a ) )  w a s  somewhat greater  than t h e  mass of the store 
of model IA. 

The frequencies and associated node l i n e s  of the natural  vibration modes 
f o r  the two aerodynamic-effect models a re  i n  good agreement ( f ig .  4 (c) )  f o r  the 
three lowest modes, which appear t o  be predominantly f i r s t  bending, second 
bending, and f i rs t  torsion, i n  tha t  order. Since the  f l u t t e r  mode of these 
models would be expected t o  be primarily dependent on these three modes, any 
sizable difference i n  f l u t t e r  speed between these models i s  a t t r ibu ted  t o  the 
aerodynamic e f f ec t  of t he  s tore .  

Vibration Properties of Models with Flexibly Mounted Stores 

Frequencies and node_lines.-  m e  natural  vibration frequencies ( tab le  I I ( b ) )  
and associated node l i n e s  ( f i g .  4) of each wing-store model were measured i m e -  
d i a t e l y  pr ior  t o  f l u t t e r  tes t ing .  A b r i e f  description of each vibration mode 
i s  given i n  tab le  111. 

Comparison of the  frequencies and node l i nes  of the most s t i f f l y  mounted 
s tore  models (3R508 and 8F433) with those f o r  the wings without s tores  ( f ig s .  3 
and 4) shows t h a t  the  addition of the s tore  reduced the  f i r s t - tors ion  and the 
first-bending frequencies t o  about one-fourth and two-thirds of the values f o r  
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t he  wings without stores,  respectively, but had only a s m a l l  e f fec t  on the  
second-bending frequency. Since the reduction i n  the frequency of the tors ional  
mode w a s  very large compared with t h a t  fo r  the other modes, a change i n  the 
order of the  vibrat ion modes occurred: For the wings without stores,  the order 
of the modes w a s ,  according t o  t h e i r  fundamental responses, f i r s t  bending, sec- 
ond bending, and first torsion; f o r  the wings with stores,  the order w a s  f i r s t  
bending, f i r s t  torsion, and second bending. I n  the  higher order modes of the 
wings with s tores ,  considerable coupling of the wing modes and store-pitch modes 
occurred, especially fo r  t he  most s t i f f l y  mounted forward c.g. s tore  configura- 
t ion ,  model 8F435 ( f ig .  4 (b) ) .  

I n  f igure 5 i s  presented a p lo t  of the frequencies of the first four 
natural  vibrat ion modes against  uncoupled store-pitch frequency; these natural  
vibration modes a re  considered most important, f lut terwise,  f o r  these wing-store 
models. As might be expected, the change i n  store-attachment p i tch  f l e x i b i l i t y  
had the  greatest  e f f ec t  on the f i r s t - to r s ion  (f2)  and the store-pitch (f4) modes 
( f ig s .  4 and 5). 
increased, the frequency of the f i r s t - tors ion  mode and of the store-pitch mode 
decreased u n t i l ,  fo r  the  most f lex ib ly  mounted s tore  models, the f i r s t - to r s ion  
frequency became approximately equal t o  or s l i gh t ly  lower than the first-bending 
frequency fl. A t  t he  lower uncoupled store-pitch frequencies, the node l i n e  
associated with f i r s t - to r s ion  ( f2)  mode appears t o  have moved off the  wing t o  
near the store-pitch axis .  However, f o r  models having uncoupled store-pitch 
frequencies l e s s  than 40 cps, the  f i r s t - to r s ion  and store-pitch modes were not 
ea s i ly  distinguishable (see t ab le  111), and the trends evident i n  f igure 5 were 
r e l i ed  upon t o  ident i fy  these modes. The first-bending ( f l )  and second bending 
(f3) modes were more eas i ly  ident i f ied,  and the store-attachment p i tch  f l ex i -  
b i l i t y  had only a s m a l l  e f f ec t  on these frequencies ( f ig s .  4 and 5 ) .  
models 4 ~ 8 4  and 8~58, the store-pitch mode (f4) and the  wing second-bending 
mode (f3) appear t o  have merged in to  a single mode having a frequency of 
246 cps and 263 cps, respectively.  (See f ig s .  '+(a), 4(b), and 5.) Calculations 
which employed cantilever-beam mode shapes and a simplified s tore  representation 
indicated the same t rends as are  shown i n  f igure 5.  

I n  general, as the  store-attachment p i tch  f l e x i b i l i t y  w a s  

For 

Mode- shapes and s t ruc tura l  damping.- Mode shapes f o r  several natural  vibra- 

For the mode-shape measurements, short, ve r t i ca l  spikes 
t i o n  modes were measured with facsimiles of models 1R3l, 3 ~ 8 2 ,  6~210, 9F48, 
8F48, lOF88, and 8F435. 
of balsa  were glued t o  t h e  wing and s tore  at the  various s ta t ions  shown i n  f ig-  
ure 6 .  The model w a s  vibrated i n  one of i t s  natural  modes i n  the same manner 
as f o r  measurement of t he  natural  frequencies, and t h e  motion w a s  "stopped" by 
means of a stroboscope synchronized t o  the electromagnetic shaker. A direct-  
measuring microscope w a s  focused on the t i p  of one of the  spikes and the  m a x i m u m  
displacement i n  v e r t i c a l  t rans la t ion  of the spike w a s  read. 
repeated f o r  each s ta t ion ;  and during the  measurement of a mode shape, a refer-  
ence s ta t ion  w a s  rechecked frequently t o  be sure t h a t  t he  amplitude of vibration 
had not changed. 
dimensional form i n  t ab le  IV f o r  the four  lowest vibration modes, along with the 
frequencies of the  models on which the mode shapes were measured. Although the 
frequencies of these facsimile models d i f f e r  s l i gh t ly  from those of t he  f l u t t e r -  
t es ted  models ( tab le  IV), the  measured mode shapes are  considered t o  be essen- 
t i a l l y  the same as those of the  tes ted  models. 

The process w a s  

The measured deflections a t  each s ta t ion  are given i n  non- 
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The m a x i m u m  e r ro r  i n  a nondimensional def lect ion (table IV) i s  estimated 
t o  be f-0.010. Although some of t he  measured mode shapes indicate store-pitch 
motion which i s  i n  the opposite direction, r e l a t ive  t o  the  wing, from that 
observed during measurement of the natural  vibration frequencies of the  f l u t t e r  
models ( tab le  111), t h i s  discrepancy occurs only i n  cases where the  re la t ive  
motion i s  so s m a l l  t h a t  i t  i s  within the  accuracy of the measurement. I n  gen- 
eral, the descriptions of t he  natural  modes given i n  t ab le  I11 f o r  the  f l u t t e r  
models apply t o  the  facsimile models as w e l l .  

The values of the s t ruc tura l  damping coeff ic ient  were determined from t i m e  
h i s to r i e s  of the  decay of osc i l la t ions  i n  the  first natural  vibration mode 
induced by plucking the models i n  s t i l l  air. The average value f o r  the  models 
w a s  0.008. 

APPARATUS AND TESTS 

The f l u t t e r  t es t s  were made i n  the Langley transonic blowdown tunnel, which 

During operation of the  tunnel, a preselected 
has a s lo t ted  tes t  section. The tes t  section i s  octagonal i n  cross section and 
measures 26 inches between flats.  
Mach number i s  s e t  by means of a variable o r i f i c e  downstream of the tes t  section. 
This Mach number i s  held approximately constant after the  o r i f i ce  i s  choked while 
the  stagnation pressure and thus the  density are increased. The static-density 
range i s  approximately 0 . 0 0 1 t o  0.012 slug per cubic foot and Mach numbers may 
be obtained from subsonic values t o  a m a x i m u m  of about 1.4.  
expansion of the a i r  i n  the  reservoir during a run, the  stagnation temperature 
continually decreases; thus, the tes t -sect ion veloci ty  i s  not uniquely defined 
by t h e  Mach nmber. 
reference 7. 

Because of t he  

Additional d e t a i l s  of t h e  tunnel are contained i n  

I n  the  f l u t t e r  t e s t s ,  t he  semispan models were cantilever-mounted a t  zero 
angle of a t tack i n  a s t ing  i n  such a way tha t  t he  model mounting block and the  
s t ing  formed a 3-inch-diameter fuselage ( f i g .  l( a ) )  which extended upstream 
in to  the subsonic flow region of the  tunnel. This arrangement prevented the  
formation of shock waves off the  fuselage nose which might r e f l ec t  from the  tun- 
ne l  w a l l s  onto the  model. No ref lect ion plane w a s  used because past  experience 
with similar models has indicated t h a t  t h e  e f fec t  of any aerodynamic-load carry- 
over on the  f l u t t e r  character is t ics  i s  small. The s t ing and model weighed 
approximately 290 pounds, and the  system had a fundamental frequency of about 
15 CPS. 

Strain gages w e r e  mounted on the wing panel near the  root ( f ig .  l ( a ) )  and 
were oriented t o  indicate  bending and tors iona l  deflections.  Time h i s to r i e s  of 
the strain-gage signals, tunnel stagnation and s t a t i c  pressures, and stagnation 
temperature were obtained on a recording oscillograph. The  strain-gage signals 
were used t o  indicate the  occurrence of f l u t t e r  and t h e  f l u t t e r  frequency. 
High-speed motion pictures  were taken during some of the runs and were used t o  
study the  f l u t t e r  modes. 

Tests of models which had various leve ls  of store-attachment p i tch  f l ex i -  
b i l i t y  were made as close t o  M = 0.83 as possible; however, t he  actual  Mach 



numbers a t  f l u t t e r  ranged from about 0.78 t o  0 . 9  with an average value of 0.83. 
Five of the models were tes ted  a t  several Mach numbers between about 0.76 and 
1.30, and the  aerodynamic-effect models were tes ted  a t  Mach numbers near 0.89. 

PRESENTATION OF RESULTS 

The results of the present investigation a r e  presented i n  tab le  V I  and i n  
f igures  7 and 8, and the  f l u t t e r  character is t ics  of each model are described i n  
tab le  VII. I n  t ab le  V I ,  t h e  model behavior at each data point i s  described by 
code l e t t e r s ,  which are defined i n  the  t ab le  footnote. For most runs, the 
start of f l u t t e r  (F) w a s  characterized by the  sudden appearance of divergent 
osc i l la t ions  which were eas i ly  discernible on the  oscillograph records. Occa- 
sionally,  t h e  start of f l u t t e r  w a s  somewhat obscured by a region of intermittent 
sinusoidal osc i l la t ions  which began before def in i te  f l u t t e r .  Such regions are 
designated as low-damping regions (D) as i n  reference 7. Because of t he  uncer- 
t a i n  extent of the low-damping regions, only t h e  de f in i t e  f l u t t e r  points are 
plot ted i n  figures 7 and 8 and are considered i n  the  discussion of the  r e su l t s .  

To i l l u s t r a t e  t he  e f fec t  of the  store-attachment p i tch  f l e x i b i l i t y ,  only 
one run, that nearest a Mach number of 0.85, was chosen f o r  each model. (Each 
model represents a d i f fe ren t  l eve l  of s tore  p i tch  s t i f fnes s . )  
runs are those f o r  which data  are l i s t e d  i n  t h e  last four columns of tab le  V I ,  
and these data are plot ted i n  f igure 7. The data are presented i n  nondimen- 
s ional  form i n  an e f f o r t  t o  account f o r  the  differences i n  the  tors iona l  s t i f f -  
ness of the various wings tes ted  as indicated by t h e  var ia t ion of 
ure  3. Each dynamic pressure f o r  a wing with s tores  (q) i s  divided by the  
dynamic pressure a t  Qhich the  same wing without s tores  (qw) would be expected 
t o  f l u t t e r  a t  M = 0.85. The value of qw f o r  each model w a s  obtained as 
follows: For most conventional wings of a given planform, the f l u t t e r  dynamic 
pressure a t  a par t icu lar  Mach number i s  approximately proportional t o  the  square 
of t he  tors ional  frequency; thus, 

The selected 

fw,3 i n  f ig -  

Wing 3 from reference 4 w a s  selected as t h e  typ ica l  wing without s tore .  
wing f lu t t e r ed  a t  
natural  tors ional  frequency of 375 cps. By subst i tut ing these values and by 
using the  t h i r d  natural  mode frequency (fw,3) as the  tors ional  frequency f o r  
each o f t h e  present wings, the equation becomes 

T h i s  
M = 0.847 at  a dynamic pressure of 1884 lb/sq f t  and had a 
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To provide some indication of which vibrat ion modes were most prominently 
involved i n  the f l u t t e r  motion, the  modal-frequency curves of f igure 5 have 
been superimposed on the f l u t t e r  frequency data i n  figure 7. 

Presented i n  f igure 8 are  the var ia t ions with Mach number of  the f l u t t e r  
dynamic pressure f o r  the f ive  models which were tes ted  t o  obtain an indication 
of the e f f ec t  of Mach number on the f l u t t e r  resu l t s .  Included i n  t h i s  f igure 
a r e  the  data f o r  the  wing without s tores  (from re f .  4) and f o r  the aerodynamic- 
e f f ec t  models. 

DISCUSSION OF RESULTS 

I n  i l l u s t r a t i n g  the e f f ec t s  of the store-attachment p i tch  f l e x i b i l i t y ,  
the data presented ( f ig .  7) were obtained a t  Mach numbers varying from about 
0.78 t o  0.90 ( tab le  V I ) ,  but  are  assumed i n  the  discussion t o  apply t o  the aver- 
age Mach number of about 0.85. 
i n  Mach number a re  examined b r i e f l y  i n  a subsequent section, "Effect of Mach 
Number." 
mass r a t i o s  p 
t i ve ly ) ;  however, t he  e f f ec t s  o f  these differences on the  f l u t t e r  r e su l t s  a r e  
considered t o  be secondary i n  comparison with the e f f ec t s  of the s tore  f l ex i -  
b i l i t y ,  and f o r  the  purposes of t h i s  report a r e  a l so  neglected. 

The consequences of neglecting these var ia t ions 

I n  addition, there  are  differences i n  the mass properties and i n  the  
f o r  the various models tes ted  ( t ab le s  II(a) and VI, respec- 

Effect of Store-Attachment Pi tch F lex ib i l i ty  

Rearward c.g. store.-  _-_- For a l l  store-attachment p i tch  f l e x i b i l i t i e s  inves- 
t igated,  the wing with the rearward c.g. s tore  ( f i g .  7(a)) f lu t t e r ed  a t  dynamic 
pressures lower than those f o r  the wing without the  s tore .  The major e f f ec t s  
of t he  store f l e x i b i l i t y  occurred at the lower store-pitch frequencies, and a 
minimum f l u t t e r  q w a s  obtained a t  fs/fw,3 = 0.16 where the f l u t t e r  f re -  
quency fs, and the  tors ional  f re -  
quencies f 2  were approximately coincident ( f i g .  7(a)).  For values of 
fs/fw,j > 0.16, the f l u t t e r  q rose t o  a maximum value at fs/fw,3 = 0.55 and 
remained nearly constant as the  store-attachment p i tch  f l e x i b i l i t y  w a s  
increased. 

fe, the uncoupled store-pitch frequency 

Although the  f l u t t e r  frequency fe  w a s  r e l a t ive ly  insensi t ive t o  varia- 
t i ons  i n  the uncoupled store-pitch frequency 
investigation, s ignif icant  changes occurred i n  f l u t t e r  trends and modes as 
w a s  varied through the c r i t i c a l  range of minimum f l u t t e r  q. A s  f s  increases 
above the  c r i t i c a l  range (fs/fw,3 > 0.16), the tors iona l  frequency f 2  r i s e s  
t o  a higher l e v e l  and remains nearly constant i n  a s i m i l a r  manner t o  t h a t  noted 
f o r  the f l u t t e r  q. A t  these higher values of fs, the f l u t t e r  frequency fe 

l i e s  between the f i r s t -  and second-mode frequencies ( f i g .  7(a)), the store- 
p i tch  motion i s  nearly i n  phase with the  wing tors iona l  motion ( tab le  VII),  and 
the wing mode i s  a bending-torsion type. I n  contrast ,  as f, decreased below 

fs  over the  en t i r e  range of t he  

f, 
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the  c r i t i c a l  range (fs/fw,3 < 0.16), t he  f l u t t e r  q increased although the 
tors iona l  frequency f 2  decreased. I n  t h i s  lower range of f s ,  the  f l u t t e r  
frequency fe  w a s  above the  second-mode frequency, the store-pitch motion 
appeared t o  be out of phase with the wing tors ional  motion, but the wing mode 
w a s  s t i l l  of the bending-torsion type. Thus, i n  the l a t t e r  range the very 
f l ex ib ly  mounted s tore  may be acting as a vibration absorber and delaying the 
start  of f l u t t e r .  However, the f l u t t e r  mode m i g h t  a lso be affected by the 
changing frequency spectrum even though the f l u t t e r  frequency does not vary 
appreciably. I n  any event, the  trends of these r e su l t s  suggest tha t  higher 
f l u t t e r  dynamic pressures may be realized a t  lower store-pitch frequencies than 
those investigated, although it i s  doubtful. t h a t  s tores  with very f lex ib le  
attachments would be prac t ica l .  

Forward c.g. store.-  Wi th the  forward c.g. s tore  ( f i g .  7(b)) ,  f l u t t e r  
dynamic pressures considerably higher than those f o r  the  wing without store 
were obtained fo r  the store-pitch frequency parameter extending from a value of 
fs/fw,3 
fs/fw,3 = 0.146, a peak i n  the  f l u t t e r  boundary occurred where no f l u t t e r  could 
be obtained up t o  A s  t h i s  store-pitch frequency 

parameter increased above 0.146, the  f l u t t e r  
near a l eve l  about 0.58qw. 

of about 0.16 down t o  0.09, the lower l imi t  of the  present t e s t s .  A t  

q/% = 1.7, the  tunnel l i m i t .  

q dropped rapidly t o  and remained 

A t  t h e  higher store-pitch frequencies (fs/fw,3 > 0.23), the f l u t t e r  mode 
f o r  the forward c.g. s tores  w a s  of the  same bending-torsion type as t h a t  fo r  
the rearward c.g. s tores  ( tab le  VII). A t  these high f ,  values, both the f l u t -  
t e r  q and f 2  f o r  the forward c.g. s tore  are essent ia l ly  invariant with f s  
( f ig .  7(b)) .  Comparison of these r e su l t s  with those f o r  the rearward c.g. s tore  
shows tha t  i n  the high f ,  range the addition of the forward c.g. store decreased 
the f l u t t e r  of the  wing without store by about 4-0 percent, whereas the  addi- 
t i on  of the rearward c.g. s tore  decreased the f l u t t e r  q by only about 25 per- 
cent. fs/fw,3 = 0.16, 
the f l u t t e r  mode rapidly changed t o  one having smaller amplitudes and involving 
primarily the  higher frequency vibration modes. This higher mode f l u t t e r  region 
appeared t o  be bounded since both a start and stop of f l u t t e r  were obtained. A t  
the  two lowest store-pitch frequencies investigated, the f l u t t e r  mode appeared 
t o  consist  of the  f i r s t  two modes i n  combination with the higher bending 
mode f3.  

q 

A s  the store-pitch frequency w a s  decreased t o  a value of 

These r e su l t s  indicate  that a t  store-pitch frequencies near the f l u t t e r  
frequency, the forward c.g.  s tore  appears t o  a c t  as a vibration absorber and 
prevents f l u t t e r  i n  the primarily bending-torsion mode; f o r  the one model which 
did not f l u t t e r ,  t he  s tore  prevents f l u t t e r  i n  the four lowest modes, a t  l e a s t  
up t o  the  maximum q investigated. A s  t he  store-pitch frequency i s  reduced 
fur ther ,  the s tore  effectiveness as a f l u t t e r  suppressor decreases, and the  f l u t -  
t e r  mode again contains predominantly the  lower, fundamental bending and tor -  
sion modes. I n  general, the  present r e su l t s  confirm the trends reported i n  r e f -  
erences 1 and 2, and indicate  t h a t  the  use of special ly  designed s tores  could be 
of value f o r  delaying f l u t t e r .  For the present configuration the effect ive 
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range of store-attachment p i tch  f l e x i b i l i t i e s  i s  ra ther  l imited and probably 
could not be grea t ly  extended even i f  t h e  s tores  were provided with higher 
damping i n  pi tch.  However, it i s  possible t h a t  the  f l ex ib l e  mounting of s tores  
may i n  some cases lead t o  useful increases i n  f l u t t e r  dynamic pressure. Never- 
theless ,  these increases may be very d i f f i c u l t  t o  a t t a i n  because the f l u t t e r  
character is t ics  a re  functions not only of store-attachment p i tch  f l e x i b i l i t y ,  
but a l so  of s tore  center-of-gravity location, s tore  mass, and Mach number 
(refs. 1 and 2) as well as the wing parameters. 

Effect of Mach Number 

In  the  previous discussion of the e f f ec t s  of store-attachment p i tch  f l ex i -  
b i l i t y ,  only the  run with Mach number closest  t o  0.83 w a s  considered f o r  each 
model, and although these data were obtained a t  Mach numbers from approximately 
0.78 t o  0 . 9 ,  the  e f fec t  of this minor var ia t ion i n  Mach number w a s  neglected. 
I n  order t o  determine whether the differences i n  Mach number f o r  these data 
would a f f ec t  the interpretat ion of the  results, f i v e  of the models were tes ted  
at several other Mach numbers. The f l u t t e r  data f o r  these f ive  models a re  
shown i n  figure 8, along with the r e su l t s  f o r  t he  wing without s tore  ( r e f .  4) .  
Data f o r  the aerodynamic-effect models, which a re  a l so  included i n  t h i s  f igure,  
w i l l  be discussed i n  the next section. 

Based on these resu l t s ,  the  expected deviation i n  the f l u t t e r  dynamic pres- 
sure caused by neglecting the Mach number var ia t ion i s  estimated t o  be well  
within the  usual s ca t t e r  expected i n  t h i s  type of t e s t  f o r  a l l  except two 
models. 
estimated t o  be about 9 and 6 percent, respectively; t h a t  i s ,  the f l u t t e r  
dynamic pressures used (see f i g .  7) a re  too high by these percentages. 
these discrepancies do not appreciably a f fec t  t h e  general trends of r e su l t s  o r  
previous conclusions re la t ing  t o  the  e f f ec t s  of store-attachment p i tch  
f l e x i b i l i t y .  

For these exceptions, models 4 ~ 8 4  and 1 0 ~ 8 8 ,  the probable deviation i s  

However, 

Because of the  l imited number of f l u t t e r  points f o r  any one wing-store con- 
f igurat ion over a sizable Mach number range ( f ig .  8), the  Mach number e f fec ts  
on f l u t t e r  a re  not well defined. I n  general, however, these limited r e su l t s  
indicate  t h a t  i n  the  high subsonic speed range as the Mach number i s  increased, 
the f l u t t e r  q decreased. For model 5Rl39, a favorable compressibility e f f ec t  
amounting t o  about a 38-percent increase i n  f l u t t e r  
number w a s  increased from 0.83 t o  1.30; the  corresponding r i s e  i n  f l u t t e r  
f o r  the  wing without s tore  i s  about 58 percent. 

q w a s  obtained as the  Mach 
q 

Aerodynamic Effect of Stores 

The two aerodynamic-effect models LA and lB f lu t t e r ed  at  nearly the same 
Mach number and dynamic pressure, as shown i n  f igure 8. 
appeared t o  be similar f o r  the two models and the  f l u t t e r  frequencies differed 
by only about 9 percent. Thus, the aerodynamic e f f ec t  of the  s tore  on the f l u t -  
t e r  character is t ics  does not appear t o  be large.  T h i s  r e su l t  i s  consistent with 
tha t  of reference 8 which indicated that the aerodynamic e f fec t  of t he  s tore  on 
the f l u t t e r  charac te r i s t ics  i s  s m a l l  a t  subsonic speeds. With these r e su l t s  i n  

The f l u t t e r  mode 
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mind, the  difference i n  length between the  forward c.g. s tores  and the rearward 
c.g. stores used i n  the present investigation i s  considered t o  have l i t t l e  
e f f ec t  on the f l u t t e r  character is t ics .  

The increase i n  f l u t t e r  dynamic pressure f o r  the aerodynamic-effect models 
over that fo r  the wing without s tore  ( f i g .  8) i s  a t t r ibu ted  t o  the favorable 
e f f ec t  of the forward c.g. location of the  s tore  of model IA and of the ba l l a s t  
weights of model IB. The f l u t t e r  mode and frequencies f o r  the aerodynamic- 
e f f ec t  models were approximately the same as those fo r  the wing without s tore .  

CONCLUSIONS 

The e f f ec t  of store-attachment p i tch  f l e x i b i l i t y  on the f l u t t e r  character- 
i s t i c s  of a cantilevered 45' sweptback wing carrying a pylon-mounted s tore  has 
been studied experimentally at  Mach numbers near 0.85. The store-attachment 
f l e x i b i l i t y  i n  p i tch  w a s  systematically varied t o  give uncoupled store-pitch 
frequencies ranging from about 0.1 t o  1.4 times the tors ional  frequency of the 
wing without store.  Two locations of the  store-pylon center of gravity (about 
8 and 30 percent of the l o c a l  wing chord - cal led the forward and rearward 
c.g. stores,  respectively) were investigated. The r e su l t s  indicated the fo l -  
lowing conclusions : 

1. For uncoupled store-pitch frequencies higher than about 0.4 of the to r -  
sional frequency of the  wing without the  store,  varying the store-attachment 
f l e x i b i l i t y  had l i t t l e  e f f ec t  on the f l u t t e r  dynamic pressure of e i the r  the 
forward or  the rearward c.g.  stores.  The addition of the  s tore  t o  the wing 
reduced the  f l u t t e r  dynamic pressure by about 40 percent f o r  the  forward c.g. 
s tore  and by about 25 percent fo r  the rearward c.g. s tore .  

2. I n  the low uncoupled store-pitch frequency range, the f l u t t e r  dynamic 
pressure f o r  the forward c.g. s tore  peaked sharply with a maximum value consid- 
erably greater than t h a t  f o r  the  wing without s tore .  This peak i n  the f l u t t e r  
dynamic pressure occurred when the uncoupled store-pitch frequency approached 
the f l u t t e r  frequency, and w a s  accompanied by a change i n  f l u t t e r  mode from a 
fundamental bending-torsion type t o  one involving the higher vibration modes 
since the f lex ib le  s tore  apparently suppressed the f l u t t e r  i n  the  lower modes. 

3 .  I n  the low store-pitch frequency range where the f l u t t e r  dynamic pres- 
sure of the forward c.g. s tore  w a s  a maximum, the  f l u t t e r  dynamic pressure of 
the rearward c.g. s tore  dipped t o  a minimum. The ef fec t  of store-attachment 
p i tch  f l e x i b i l i t y  thus appears t o  be quite sensit ive t o  s tore  c.g. posit ion.  

4. Comparison of the  f l u t t e r  character is t ics  of a wing with a l i g h t ,  essen- 
t i a l l y  r ig id ly  attached s tore  with those of a wing without a s tore  but which w a s  
m a s s  balanced t o  have s i m i l a r  vibration mode Characterist ics indicated t h a t  the  
aerodynamic e f f ec t  of t he  s tore  w a s  very s m a l l .  

5 .  Although the Mach number e f f ec t  on f l u t t e r  w a s  not well  defined because 
of the l imited number of data points obtained, the trends indicate t h a t  t he  



f l u t t e r  dynamic pressure decreased as the Mach number w a s  increased i n  the high 
subsonic range. I n  addition, a favorable compressibility e f f ec t  w a s  indicated 
f o r  one of the wing-store configurations as the  Mach number w a s  increased t o  1.3. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, V a . ,  June 18, 1964. 
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TABLE I.- GEOMETRIC PROPEBTIES OF MODELS 

Wing : 
Streamwise a i r f o i l  section . . . . . . . . . . . . . . . . . . .  NACA 65AOO4 
Sweepback angle, deg . . . . . . . . . . . . . . . . . . . . . . . .  45 
Aspect r a t i o  ( f u l l  span) . . . . . . . . . . . . . . . . . . . . . .  4 
Exposed panel aspect r a t i o  1- 57 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.0 

. . . . . . . . . . . . . . . . . . . . .  
Exposed panel span, s ,  f t  . . . . . . . . . . . . . . . . . . . . .  0.458 
Streamwise wing chord, c, f t  . . . . . . . . . . . . . . . . . . . .  0.292 

Typical s tore:  
Spanwise location from wing root, percent exposed panel span . . . .  75- 3 

Rearward c.g. s tore  . . . . . . . . . . . . . . . . . . . . . . .  11.1 
Forward c.g.  store  9.0 

Rearward c.g. s tore  . . . . . . . . . . . . . . . . . . . . . . .  2.0 
Forward c.g. s tore  . . . . . . . . . . . . . . . . . . . . . . . .  1.6 

Fineness r a t i o  (Length/Diameter) - 
. . . . . . . . . . . . . . . . . . . . . . . .  

Length, f rac t ion  of’streamwise wing chord - 

Pitch axis location, f rac t ion  of streamwise wing chord . . . . . . .  0.425 
Vert ical  distance from wing chord plane t o  s tore  center l i n e ,  

f rac t ion  of streamwise wing chord . . . . . . . . . . . . . . . .  0.125 
Exposed f ron ta l  area of pylon, sq f t  . . . . . . . . . . . . . . . .  0.00023 



TABLE 11.- PKYSICAL PROPEXTILS OF MODELS 

- 
1R31 0.847 0.30 0.11 4.13 x 10-3 
2~63 ,855 .30 .Og 4.17 
jR82 ,894 .31 .10 4.36 
4R84 ,855 .31 .Og 4.17 
5R139 ,882 .31 .12 4.30 
6 ~ 2 1 0  ,935 .32 .ii 4.56 
p 2 4 5  ,927 .31 .11 4.52 
3 ~ 5 0 8  .952/ -32 .12 4.65 
_ _  

(a )  Mass properties of stores and stores w i t h  pylons 

5.70 x 10-5 4.92 x 10-5 0.5% X 10-5 ----------- 0.613 0.20 2.99 x 10-3 -4.86 x 10-5 4.13 x 10-5 0.13 
6.42 5.10 .624 .18 3.04 -5.95 4.18 .13 

4.19 .13 5.46 .682 4.07 x 10-5 ,628 .18 3.06 
--__-_._-._. _____-____. .624 .20 3.04 -4.94 

7.98 
7.84 5.15 

.13 4.84 6.97 5.29 
8.94 5.60 .700 5.02 .644 .19 3.14 -5.36 4.17 .13 

.14 4.86 5.42 __________._ 

.15 
8.W 
9.09 5.54 .794 5.02 

___________. __________. 

-5'99 4.14 .13 ----- ----- _ _ _ _ _ _ _ _ _ _ _  ____...._..._ __._.__.___ _____._.__._ 

----- ----. ._-.-_.-___ __________.._ __.___.___. 
----- ----. -.--.----__ _ _ _ _ _ _ _ _ _ _ _ _ _  _..___..... 

- 

8F37 
gF48 ,853 .C6 .12 4.16 
€3~58 ,866 .07 .11 4.22 
8 6 7  .%6 .07 .11 4.22 
1 0 ~ 8 8  ,802 .og .12 4.30 
1 ~ 1 6 2  .890 . ~ g  .12 4.38 
12F349 1.019 .11 .14 4.97 
8F435 .870 .08 .13 4.24 

0.862 0.09 0.13 4.20 X 10-5 

- 

*This value i s  the mass added t o  wing 1 i n  constructing model 18 

(b) Natural vibration frequencies of wing-store configurations 

I Rearward c . g .  store configuration 

30.9 28.6 32.9 251 215 460 591 642 0.076 0.072 0 083 0 632 0.542 , 
62.8 29.8 56.2  252 229 507 600 639 .L63l .077)  :146 :655 1 ,595 
82.0 28.0 70.5 242 254 520 570 635 .222 ,076 ,191 ,656 .688 , 
83.5 30.0 70.5 246 246 519 615 650 ,210 ,075 ,177 ,618 ,618 1 

5R139 139.0 29.5 93.8 254 308 561 687 614 ,352 ,075 .237 ,643 ,780 ~ 

7R245 245.0 30.8 112.0 270 429 579 665 740 . 5 9 !  .075! .273 ,659 1.046 
6 ~ 2 1 0  210.0 31.2 107.0 270 405 580 665 738 ,525 .078 ,268 ,675 1.013 

508.0 26.6 102.0 1224 490 1585 740 843 1.3771 ,0721 ,276 ,607 1.326 j I 
I Forward c.g.  store configuration 1 

36.7 37.2' 29.9 
47.6 31.3 43.0 
58.2 31.7 50.1 
67.0 31.6 54.0 
87.6 31.3 61.2 

162.0 31.2 73.7 
349.0 29.6 75.0 
435.0 32.1 80.0 

250 229 
252 235 
263 263 
247 274 
245 307 
245 417 
233 510 
247 540 

345 645 
395 660 
342 658 
404 650 
425 648 
633 633 
469 660 
502 670 

460 0.092 O.Og3 0.075 0.627 0.574 
605 .m ,079 .log .640 ,596 
601 ,146 .079 .126 .659 ,659 
615 ,168 ,079 ,135 .619 ,687 
630 .231 ,082 ,161 .6b5 ,808 
698 ,407 ,078 .185 .616 1.048 
845 ,890 ,076 ,193 ,594 1.301 
873 1.090 ,080 ,201 ,619 1.353 

16 



TABLE 111.- DESCRIPTION OF NATURAL VIBRATION MODES 

Predominant 
:haracterist ic 

First bending 

?irst tors ion 

Second bending 

;tore p i tch  

:oupled y a w  
torsion, and 
bending 

?bird bending 

:oupled yaw 
and tors ion 

OF WINGS WITH STORES 

Description of s tore  motion relative t o  wing 

store pitched only fo r  lowest f s  values (close 
t o  
rearward c.g. stores;  t h i s  re la t ive  motion w a s  
reversed fo r  forward c.g. stores.  

f l ) ;  s tore  nose moved up as wing t i p  moved up f o r  

;trong wing tors ion and weak s tore  p i tch  fo r  
f s  > 40 cps; strong s tore  p i tch  and weak wing tor -  
sion f o r  f s  < 40 cps; s tore  nose moved up as wing 
leading edge moved up. For lowest f s  values, t h i s  
mode became pure s tore  mode; there  w a s  no node l i n e  
on wing ( f i g .  4) and slight wing motion w a s  s i m i l a r  
t o  mode 1 motion. (Note t h a t  f 2  i s  nearly same 
as fl.) 

To store  p i tch  motion unless f3 and f 4  were close, 
i n  which case s tore  motion w a s  same as f o r  mode 4. 

jtrong s tore  p i tch  and weak wing tors ion f o r  
fs > 40 cps; strong wing tors ion and weak s tore  
p i tch  f o r  
wing leading edge moved up. 
f s  values, s tore  appeared t o  remain stationary with 
respect t o  observer while wing twisted. 

f,  < 40 cps; s tore  nose moved down as 
For models with low 

jtrong s tore  yawing motion about s tore  c.g.; weak 
wing torsion and/or bending motion. 
inboard as wing leading edge a t  t i p  moved down. 

Store nose moved 

X t t l e  stork motion unless frequency of th i s  mode w a s  
close t o  tha t  of mode 5 o r  7, as f o r  model 11~162.  

leak s tore  yaw about forward store-mounting stud and 
strong wing tors ion motion; s tore  nose moved inboard 
as wing leading edge moved up. 



TPBLtE 1V.- MEASURED MODE SHAPES FOR WINGS WITH STORES 

CP s 

Nondimensional deflection a t  station (see f i g .  6) - 

ll lla 12 13 21 22 23 31 32 33 41 42 43 51 52 53 S1 Sla Slb 52 
I I I I I I I I I I I I I I I I I i i i 

I 

1x31 1 28.6 27.5 0.015 ----- 0.055'0.115 ' 0 .  loo o ~ 7 5 '  0.295/ 0.235 10.370 j 0.500 10.465 10.610 10.725 10.755 (0.89 /I. coo ! _----- ' 1.620 ! ----- -0.940 
2 . 005 -----I .050 ,140 .080 .170) .320' .U5 . S O :  .95 ~ .430' .620 .815 .785 I .935 1.150:------ -.505 ----- 2.075 

3 251.0 ' 245.0 -.005 ----- - .050 - .185 -.015 -.ll5'-:275 -.030 - .lb - .260 .OW - .015 - .135 .& .245 .195 ------ -.025 ----- -.020 

32.9 ' 32.5 

4 215.0 215.0 - . O b  ----- - e 0 6 0  -.025 -.I20 -.llO -.020 -.m5 -.lo0 .O7O -.210 -.015 .240 -.65 .170 .460 ------ -.010 ----- -.145 

I 1- I 

3~82 1 28.0 27.0 0.025 ----- O.165/0.345 0.240 0.49510.820,0.655 1.010 1.440 11.250,1.615 2.080 12.035 12.380 12.850 ------ 1.050 ----- 2.29 

70.5 I 68.5 -.030 ----- -.Oh . O b  -.E5 -.070/ .ll5 -.180,-.030' .255,-.1851 .lW: .4451-.080/ .345 .TO5 ------'-1.280 ----- 1.705 

4 254.0 235.0 -.OW ----- -.OX3 .045 -.E5 -.065 -110 -.U5 -.095' .180 - 255 -.030 .265 #-.a0 .a5 .370 ------ .Oh5 ----- -.ZOO 

' I  
2 

1 
I 

3 242.0 230.0 -.010 ----- -.Ob5 -.175 -.020 -.lb -.300 - .055 -,155 -.275 - .O25 - .020 -.060 i .265 .255 .245 ------ -.025 ----- -.OJO 

'6R210' 1 I 31.2 
, I  

2 

73 270.0 ' 258.0 ----- -.010 -.060 -.la - . O b  -.130/-.195 -.075'-.135/-.170.-.015 -.005 -.010. .160 .lW .235 ------ .005 ----- -.070 

4 405.0 327.0 '----- -.025 -.OW .005 -.&I -.055 ~ .030 -.135 -.OW .085 -. 130 .005 .160 -.a5 .075 .260 ------ .030 ----- -.175 
~~~ 

! I ,  

I l l  31.1 /0.0704-----10.235j .Wi  .340 .700'1.180' .950'i.450~2.015(1.825;2.410 12.990~2.965 13.540 4.135' 2.135 ------ 2.000 ------ 

-.015 ----- -.055 '-.165 -.ob5 -.u5 -. 255 -.OB?, -. 135 -. 220 !-.025 ,-. 025 - .025 ' .i90 ' . E o  .265 

I 
9F48 1 31.3 

2 43.0 
I , I  

44.8 .0Wi-----'-.W5' ,035 -.005 .010 ,060' .015; ,050 .llO1 .0451 .110' .165' .110' .175 .250 -.370 ------ -.200 ------ 
1 ,  

3 235.0 226.0 .coo ------ - .oio ------ 
4 252.0 242.0 -.60 ----- -.OB5 -.060 -.195 -.170 -.Oh5 -.330 -.l90 .085 ,-.355 -.055, .340 !-.180 .195 .655 .Ox) ------ -.Ob5 ------ 



TABLE V. - MEASURED FLEXIBILITY INFLWXNCE COEFFICIENTS OF WING, W I T H  PYLON 

I 

18 

~~ ~ 

I n f l u e n c e  coefficient, ft/lb, measured et wing Gtation* 8. .  

I 

.0127933 .Ox170 

- L ,  

~ radians mad 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 lb s t a t i o n *  

1 0.0000050 0.0000025 0 0.0000033 0.0000029 0 0,0000033 0.0000046 O.oOOOOjj 0.0000079 0.0000054 0.0000008 0.0000046 0.OOOOOlJ 0 0.0000088 0.0000Oj8 0.0000021 -0.00004 

2 .0000075 .0000071 .0000113 .0000138 .0000138 .0000196 .00W18B .00002% .0000275 . ~ 0 3 0 8  .0000329 .WOO354 .00OOjjj .0000467 .WOO504 .WOO546 .oooO542 .WOO1 

3 .COO0283 .0000154 .WOO400 .0000692 .WOO504 .0000783 .0001038 .0000892 .OW1092 .OW1504 .COO1229 .mol546 .0001904 .0001625 .0001863 .0002225 ,00057 

4 .WOO658 .0000683 .0000654 .OOOljO~ .0001258 .0001221 .0001717 ,0001750 .0001800 .0002296 .0002179 .W02246 ,0002854 .WO2796 .0002921 -.00004 

.OW2408 .OW1946 .0002029 .0002579 .0003325 ,0003279 ,0003892 .OW4817 .0004725 .0005496 .0006129 ,0006158 ,0006671 .0007733 ,00072 

.W04200 ,0032875 .OW4879 .0007200 .0005465 .0007717 .0010046 ,0008658 .0011021 .0013408 .W11271 .M)ljl25 .W15971 .00233 

.0003892 .0004650 .OW5475 .0006367 .0007154 .0007904 .0009175 ,0010204 ,0011096 .OOllB83 .GO12567 .001>446 .00091 

.0007708 .0009513 .0008850 .0011400 .0013858 .0013583 .0016450 .0019238 .0018300 .0020288 .W23588 .00268 

,0014667 .0011504 ,0316867 .0022033 .0019371 .0024562 .W30492 .0026062 .0031075 ,0034446 ,00548 

.0012933 ,0015775 .0018517 ,0019692 .0022750 .0026229 .0026462 .0028808 ,0030729 .OOjOO 

11 ,0019467 .0026504 .W25275 .0031879 .mj7821 .0035175 ,0039408 ,0046308 .00596 

12 .00358aO .OOj1621 ,0040354 .0053308 .M)42525 .00546j8 ,0064067 ,00952 

13 

14 

15 

.0033009 .OO39ll2 ,0046158 ,0046317 .0052083 ,0058348 ,00663 

,0052025 ,0061771 ,0057608 ,0069542 ,0079350 .01100 

.OO805OO ,0070154 ,0083783 .0100929 .01640 

.0066867 .0075475 .0087100 .01140 16 

17 .0090225 .0105312 ,01540 

'Load and wing station6 shown in f i g u r e  2 



Run-point 

Rearward c.g. s tore  configuration 

Data plot ted i n  f igure 7 
( M =  0.85) 

9, P, T, v, Model 

nm .837 1009 

4-1 F .Bo2 1094 
5-1 D .840 1047 
5-2 F .848 io58 

8-1 F .831 1462 

6-1 F * 907 909 
7-1 F .783 1106 

9-1- F 1.305 2004 
10-1 F -859 1633 
11-1 D *833 1575 

12-1 F -8% 1333 
11-2 F .a34 1686 

number* behaviorH 

13 -1 
13-2 

15-1 
16 -1 
17-1 
17-2 

18-1 

14-1 

1-7-3 
17-4 

qW 9 - 9 -  f e lb/sq f t  slug/ft3 OR f t f s e c  f e J  CPS fw’3’ cps f, 
fw,  3 fw,3 1b/sq f t  qw 

- - I 1  

l----F- F 

Q 
D 
F 
E 
Q 
F 

----- 
1.289 
1.410 ----- 

0.915 

.817 
1.030 

.go1 

.766 

.867 

.883 

.880 

.792 

----- 
0.246 

.264 
----- 

0.0031 

.0029 

.0027 

.0027 

,0034 

.0022 
,0030 

.0020 

.0031 

.0041 

.0027 

.0043 

.OO44 

.0048 
* 0037 

, 
IA 

~ 1B 

461 884 
460 891 
451 944 
482 842 
426 841 
562 1217 
426 869 
426 843 
422 840 
433 843 

23-1 F 0.897 1944 0.0046 434 916 34.6 134 --- ----- ---- ----- ----- 
24-1 F 2374 1976 .005o 433 892 31.8 123 --- ----- ---- ----- ----- 

Forward c.g. s tore  configuration 
~ 

0.0057 
. 0 6 3  
.me6 
.0054 
. o o p  
.0029 
.0036 
.0068 
.0087 
.0032 

.0034 

22-1 F .983 1096 , .0021 

.0031 

.0031 

19-1 F .8-w , 1225 
12F349 20-1 F .827 12.51 
81435 21-1 F .840 1241 

51-3 
46.8 
54.8 
72.3 
53.0 
58.9 
58.9 
79.5 
51-3 
38.8 
58.9 

2: ; 
33.1 
43.0 

2598 
2749 
2933 
2821 
3639 
962 

1462 
2720 
33% 
1107 

1 415 900 1.7.7 
G8 812 54.8 
451 903 44.2 
425 894 23.4 

450 824 49.7 
450 884 51.3 
454 864 46.8 
469 892 51.3 
455 1027 75.7 

408 872 , 18.3 



TABLE V I 1 . -  DESCRIPIION O F  MODEL FLUTTER CHARACTERISTICS 

f S - 
f w , 3  

0.078 

.163 

. E 2  

.210 

- 352 

* 525 

.598 

1-377 

* 092 

.121 

.146 

.168 

.231 

.407 

.890 

1.090 

F l u t t e r  charac te r i s t ics  

F l u t t e r  frequency w a s  higher than second-mode ( tors iona l )  frequency ( f i g .  7( a) ) 
F l u t t e r  mode appeared t o  be of bending-torsion type but with some s tore  p i tch  
motion r e l a t i v e  t o  wing i n  opposite direct ion from wing tors ional  motion. 

F l u t t e r  frequency between fl and f2  ( f i g .  7 ( a ) ) .  F lu t te r  mode appeared t o  
be of bending-torsion type with some s tore-pi tch motion re la t ive  t o  wing i n  
same direct ion a s  wing tors ion.  Store motion appeared t o  lag  s l i g h t l y  behind 
wing motion. 

Same as f o r  model 2~63. 

same as f o r  model 2~63. 

Same as f o r  model 2~63. 

Same as f o r  model 2 ~ 6 3 ,  but  no discernible  s tore  motion re la t ive  t o  wing. 

Same as f o r  model 2 ~ 6 3 ,  but no discernible  s tore  motion re la t ive  t o  wing. 

Same as f o r  model 2 ~ 6 3 ,  but no discernible  s tore  motion r e l a t i v e  t o  wing. 

F l u t t e r  frequency between f 2  and f 4  ( f i g .  7 (b) ) .  F l u t t e r  mode did not 
appear t o  be of simple bending-torsion type; it involved some ref lex  bending 
of wing along t h e  semispan. Store appears t o  move somewhat randomly with 
respect t o  wing. 

Same as f o r  model 8F37. 

Model w a s  f l u t t e r - f r e e  a t  the maxi” dynamic pressure avai lable  a t  

Soon a f t e r  start of run 17, continuous, low-amplitude osc i l la t ions  a t  a f re -  

M =  0.85. 

quency of about 250 cps began. 
as dynamic pressure w a s  increased u n t i l  it reached a magnitude which w a s  f e l t  
t o  ind ica te  t h a t  model w a s  close t o  f l u t t e r .  T h i s  point w a s  chosen a s  t h e  
start-of-low-damping point. Amplitude continued t o  increase u n t i l ,  a t  a 
dynamic pressure of 1,462 lb/sq f t ,  a ra ther  abrupt increase w a s  taken t o  
indicate  t h e  start  of f l u t t e r .  F l u t t e r  o s c i l l a t i o n s  were continuous and 
regular u n t i l  a dynamic pressure of 2,720 lb/sq f t  was reached, a t  which 
point  they stopped abruptly. No fur ther  f l u t t e r  o r  osc i l la t ions  were encoun- 
t e r e d  as dynamic pressure w a s  increased t o  max imum reached during run. 
motion p ic tures  were obtained during this run. 

Amplitude of o s c i l l a t i o n  increased regular ly  

No 

same as f o r  model 2~63. 

same as f o r  model 2 ~ 6 3 .  

Same as f o r  model 2~63, but no discernible  s tore  motion r e l a t i v e  t o  wing. 

Same as f o r  model 2~63, but no discernible  s tore  motion re la t ive  t o  w i n g .  
- 
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7 w 0.1 I for  mod I 1B (5:. text) 

s.0c ' I 
J ;x 4.0 d \ 4 4  

27 n0li.s 0.100 d i z a . 1  

P l a n  view 

I \I- 

20 r3'io7 10 holes  spaccd 0.30 apart+ .60 

(a) Wing with rearward c .g .  s to re .  

Figure 1.- Sketch of models. All dimensions are i n  inches unless otherwise spec i f ied .  
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T h i s  <iirr,,.nr;ion was 
0 . L  for model  YRSC8 

This d imens ion  w a s  
3.39 f o r  mode l  4R84 

S i d e  view 

0.625 d i a m .  

Front  view 

(b) Rearward c.g.  s to re .  

-. - ~~ 

dimtlnsion w a s  

i - _ _ ~  
0.62 

I- F r o n t  view 

I= 

Side  view 

( c )  Forward c .g .  s to re .  

Aliimimim-alloy pylon 
Aliiminum-alloy s+:micyl indr ica l  block 

a t tached  by s c i x w s  to s t o r e  shell 
Stecl pitch s p r i n g  --- 

Steel c l a m p i n g  p l a t e  

S c r e w  - Assi imed s t o r e  p i tch  axis 

(a) Sketch of pitch-spring mounting arrangement. 

Figure 1.- Concluded. 
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Panel properties of wing 7 

mw = 0.004875 slug 
m,/s = 0.01064 slug/ft 
xw/c = 0.47 

I~ = 8.96 10-5 siug-ft2/ft 
14 = 0.661 x slug-ftZ/ft 
So = 68.47 x 10-5 slug-ft/ft 

\ 

\ 

0 Center-of-gravity location 
of segment 

26.11 

/A 26.1 

34 04' 
0 

c 1.oo-e 

Note: Spanwise location of center Of gra' ty of each segment 
is on the spanwise midpoint of the segment except for 
segments 17 and 18 as s h o w .  

Figure 2.- Typical panel and segment properties of wing without pylon store. All dimensions 
are in inches unless otherwise specified. 
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First bending (fw,  1) node line along root / 

/ 
/ 

/ 

/ 

Ving 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

fw, 1 
CPS 

45.4 
45.3 
42.7 
45.0 
44.8 
48.0 
47.5 
45.2 
45.2 
44.3 
45.5 
45.0 

_ _  
~ 

$., 2 
CP s 

253 
24 6 
24 3 
255 
25 1 
265 
266 
253 
253 
252 
255 
250 

fw, 3 
CP S 

39 7 
38 5 
369 
398 
39 5 
400 
410 
39 9 
394 
380 
398 
392 

Figure 3 . -  Natural v ibra t ion  frequencies  and t y p i c a l  node l i n e s  for t h e  wings without s tores .  
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MODEL 1R31 

32.9 - No node on wlng A 1  

MODEL 2R63 

MODEL 5R139 

Fundamental bending irequency 
n 

I I  / 0 

.A’ \-uo 

MODEL 3R82 

MODEL 6R210 

10.5 - No node on wing A-1 

0 - Jndicates shaker position 

( a )  Models with rearward c .g .  s tores .  

Figure 4.- Natural vibrat ion frequencies and node l i n e s  of wing-store models. All frequencies i n  cps. 



__ 
,-Fundamental bending frequency - 

43.0 - No node on wing / A  / 31.6 

MODEL i o m a  

, 

MODEL 1 2 F M  N.ODEL jFLj:, 

0 -Indicates shaker position 

(b) Models with forward c . g .  s tores .  

Figure 4. - Continued. 



Model 1B 

0 -Indicates shaker position 

( C) Aerodynamic-effect models. 

Figure 4. - Concluded. 



.......... .. . . .  .... ... .... - . .... . ._......... 

r i i  

100 200 300 400 

f,, CPS 

(a )  Models with rearward c.g.  store.  

100 200 300 40 0 

f,, CPS 

(b) Models with forward c.g. store.  

500 600 

f4 

f3 

f2 

fl 

500 600 

Figure 5.- Effect of store-attachment p i tch  f l e x i b i l i t y  on natural  vibration frequencies 
of wing-store models. 
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Figure 6.- Sketch of model showing pos i t ions  a t  which mode shape d e f l e c t i o n s  were measured. 
All dimensions are i n  inches. 



0 

m -  u 

.2  .4 .6 

1.2 

.8 

fi 
f w , 3  

.4 

1.0 

- 0  S t a r t  

1.2 1.4 

. 2  .4 .6 . 8  

f *  
fu, 3 
- 

1.0 1.2 1.4 

(a) Rearward c . g. store.  

Figure 7.- Effect of store-attachment pitch f l e x i b i l i t y  on the f l u t t e r  charac te r i s t ics  
of t h e  wing-store configurations. M = 0.85. 
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(b) Forward c .g .  store. 

Figure 7.- Concluded. 
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Figure 8.- Variat ion of f l u t t e r  dynamic pressure with Mach number f o r  several  models. 
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